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The ongoing COVID-19 pandemic is raising unprecedented global health concerns because of its high infection and mortality potential. Since the first case reported on December 30, 2019, the number of confirmed cases worldwide has grown at an alarming exponential rate (Huang et al. [@CR8]), reaching hundreds of thousands being infected in different countries. As such, the World Health Organization (WHO) declares COVID-19 a public health emergency at an international level (Li et al. [@CR12]). This spurred immediate action to identify, prevent, and control the transmission of this virus.

Similar precautions and strategies are suggested by experts for combatting COVID-19. Sohrabi et al. ([@CR14]) propose immediate diagnosis and isolation for patients with contact to the virus. Xiao and Torok ([@CR18]) similarly suggest limiting human-human interaction, identifying and isolating persons with exposure, and providing immediate care to those who have been infected. Globally, each country has put up their own efforts against COVID-19. China, as well as many other countries, imposed travel bans and community lockdowns, especially to and from the epicenter of the outbreak Wuhan, China (Hua and Shaw [@CR7]). Their strict governance has allowed them to "flatten the curve"; however, a second wave is expected because of their premature lifting of the lockdowns and travel ban (Xu and Li [@CR19]). Nonetheless, late detection allowed their people to travel internationally, leading to a global spread of the virus. Singapore and South Korea, although the latter initially saw a significant spike in cases because of virus transmission during religious gatherings, effectively address this issue through strict screening, contact tracing, and quarantine measures (Gilbert et al. [@CR5]). On the other hand, Europe has become a hotspot for the COVID-19 virus; infection and mortality cases soar in Italy, Spain, Germany, and France, with case counts reaching hundreds of thousands per country. This may be attributed to delayed response, lack of rapid testing, and the high mobility of tourists around Europe (The Lancet [@CR15]). For the same reasons, the United States of America (USA) has the most number of cases worldwide, having reached over 300,000 cases as of April 7, 2020 (WHO [@CR17]). In South East Asia, the Philippines has the second most number of cases at 3660 confirmed cases as of April 7, 2020, closely following Malaysia. As a response to COVID-19, the Philippine government implemented a travel ban of foreigners and a gradual implementation of enhanced community quarantine (comparable with lockdowns implemented in other countries). There have also been efforts to increase testing and quarantine capacities (Department of Health [@CR3]). Although vaccination is seen as an effective pharmaceutical-based mitigation strategy, existing vaccines may be ineffectual against novel virus strains (Araz [@CR1]), such as the case in COVID-19. Unfortunately, effective vaccines and treatment for this virus are still under research and development (Li et al. [@CR12]).

The persistence of an influenza pandemic can have a significant negative impact on an economy's productive capacity because of its crippling effect on labor supply depending on its morbidity and mortality rate. Fundamental economic theory establishes that labor is required in conjunction with capital and natural resources for the production of valuable goods. Additionally, this triggers a domino effect, wherein the loss in productivity of one sector would inevitably result in the succeeding customer sector to fail to meet their targets and orders. Moreover, government policies, such as school closures and discouraging workers to attend their workplace, can increase worker absenteeism. However, this could be offset by the availability of informal care arrangements and the ability of the parents to work from home (Keogh-Brown [@CR11]). Due to the novelty of the situation, there had yet to be any formal evaluation of the success of online platforms for work in maintaining productivity. Based on the performance of global supply chains, it is apparent that online platforms will fail to sustain the volume of commercial activity prior to the outbreak (Ivanov [@CR9]). Variations in the methods for delivering online education also indicate that universities have yet to converge on a best approach for this scenario, with some universities suspending classes completely and others persisting with online lectures. Prior studies on using technology to deliver the online lectures cite difficulties due to lack of reliable Internet connection, promoting student initiative and autonomy in learning, and the learning delays of adjusting to the technology (Jowsey et al. [@CR10]; Cuaca Dharma et al. [@CR2]). These indicate that, although quarantine is necessary to some extent to control the situation, extended quarantine is not an appropriate solution. Furthermore, despite its unpredictability, there is evidence that suggests externalities such as fear-driven behavioral changes could potentially be the largest contributor to the economic costs of disease outbreaks. From the onset of an outbreak until a considerable period after events stabilize, people are likely to take precautionary actions on top of lockdowns and quarantines imposed, such as avoiding public transportation and international travels, avoiding congregative and entertainment events, and limiting shopping to essentials that would all aggregate to an increase in GDP loss in the first year of about 2% of GDP (Keogh-Brown [@CR11]). Thus, although public health is of highest priority, there is also the need to minimize the negative economic impact of pandemic outbreak responses (Xiao and Torok [@CR18]).

Mathematical and statistical models have been used to gain a better understanding of disease outbreaks and aid in emergency preparedness and response decision-making. These models have been integral in providing insights necessary for developing risk management strategies that minimize the transmission of disease outbreaks and other negative impacts, such as shortages in essential resources and economic declines. One particular methodology, system dynamics (SD) has been employed in disease outbreaks such as influenza. It is a simulation and modeling technique that is established in the application of strategic planning. It is a comprehensive systems perspective approach to map relationships present within complex systems and capturing any nonlinearities, feedback loops, and delays. All of this may provide useful insights towards designing and developing policy interventions (Edaibat et al. [@CR4]). Safarishahrbijari et al. ([@CR13]) combined system dynamics with particle filtering approach to predict future influenza outbreaks. Their results outlined the improved accuracy and robustness of the prediction of future influenza outbreak, thus proposing the development of standardized guidelines to control and regulate the potential outbreak. Araz ([@CR1]) proposed an integrated framework joining system dynamics with analytic hierarchy process (AHP) a decision-making tool for the assessment of public health strategies in an influenza outbreak capturing multiple stakeholder preferences. The results are aimed to aid the decision-makers on health strategies in the event that an influenza pandemic outbreak. Vincenot and Moriya ([@CR16]) adopted an integrated concept of system dynamics and individual-based modeling on the impact of resurgence of influenza pandemic. The results highlighted the behavior of spread over different scenarios outlining the significance of spatial disaggregation during outbreaks.

Currently, no studies have been found in the application of system dynamics on the COVID-19 outbreak. To address this gap, this research is aimed to demonstrate the viability of system dynamics as a framework to understand and develop response strategies for disease pandemics such as COVID-19. The general objective of the study is to develop a system dynamics model of COVID-19 for different scenarios aiming to equip decision-makers with evidence-based judgment in the control of the outbreak.

Model Development {#Sec2}
=================

Alternatives to the extended community quarantine are proposed using the SD framework. Healthcare capacity, community control policies, and individual human behavior, among the other factors to be considered in this study, vary greatly in the magnitude and nature of their impact to the situation. Yet, it is evident they are critical to pandemic response. Under the SD framework, the relationships between these factors are organized into feedback loops, then are simulated as stocks and flows. However, it is important to note that the numbers or values obtained from SD are not predictive. Instead, SD is used to demonstrate the trend and behavior of problem variables over time as influenced by feedbacks present in the system.

The SD model developed in this study builds upon the basic Susceptible-Infectious-Recovered (SIR) model originally proposed by Grassly and Fraser ([@CR6]). Capturing the natural infection process, the number of infected persons, divided into the asymptomatic and symptomatic, will increase the amount of people exposed as shown in the causal loop diagram presented in Fig. [1](#Fig1){ref-type="fig"}. The values of these variables are influenced by actions taken to control the situation, such as through the quarantine of those infected, social distancing, travel bans, and personal isolation and protection strategies. Conversely, the magnitude of the problem at various points in time will also influence the magnitude of the response to control the situation. Likewise, a tendency for relaxation is encouraged by negative economic performance.[1](#Fn1){ref-type="fn"}Fig. 1Causal loop diagram

Hypothetical and literature-based data were used during model implementation, especially because data is not always available and accurate to represent soft variables and high-level relationships. SD framework was followed, wherein the model is validated against a reference model for the problem variable.

Policy Insights {#Sec3}
===============

The SD model is used to model and simulate the impact of various policies. As a preliminary study, effectiveness will be evaluated in terms of the number of infected people in a population, as this roughly reflects the duration that a country is experiencing a pandemic. Figure [2](#Fig2){ref-type="fig"} a and b show some of the common responses to the pandemic. The construction of additional hospitals and quarantine centers is one of the primary responses to a pandemic. While some increase in healthcare capacity is necessary, this will only address infection by a limited extent, and is infeasible for developing countries.Fig. 2Percentage (%) of population infected vs. time under different policies. **a** Increase in public health capacity. **b** Precautions against infection. **c** Precautions with economic pressure. **d** Relaxation of precautions for low-risk citizens. **e** Community quarantine. **f** Gradual lifting of quarantine

Another common policy is to encourage social distancing through either education, publicity, or the closure of establishments (Fig. [2b](#Fig2){ref-type="fig"}). This not only reduces the peak levels of infection but also extends the duration that a country is affected by the pandemic. Some consideration may need to be given for the economy or out of necessity, by allowing for certain industries to continue their operations. Even if we yield to economic pressures, overall infection under social distancing will be less than the baseline (Fig. [2c](#Fig2){ref-type="fig"}). Similarly, by relaxing the social distancing measures for low-risk demographics, overall infection will still be less than the baseline (Fig. [2d](#Fig2){ref-type="fig"}).

Community quarantine is intended to starve the virus, by preventing the spread of the disease between households. Depending on the duration of the quarantine period, this can merely delay the peak of the pandemic without significantly lowering overall infection (Fig. [2e](#Fig2){ref-type="fig"}). Gradual quarantine lifting, i.e., reducing the stringency of quarantine over time, gives an opportunity for the economy to recover faster while keeping the potential for infection under control (Fig. [2f](#Fig2){ref-type="fig"}).

As a final note, the policies may be implemented together with varying degrees of potency according to the resources and disposition of a particular community.

Policy Recommendations {#Sec4}
======================

The SD framework made it possible to see the interactions between policies in elemental form. This gives the policy-maker more room to modify and improve the pre-existing methods for handling pandemics. First, it answers the question of which policies can be implemented together efficiently. Some policies are complementary. Precautionary measures, for instance, will reduce the chance for infection without introducing new consequences to the economy. There are also policies that are inefficient when implemented in basic form, yet have great potential after being modified. In particular, the gradual lifting of quarantine limits infection and also reduces the impairment of the economy resulting from complete quarantines. Rather than investing much in a single policy, multiple policies can leverage on one another to improve the state of a country under the pandemic. From this point, further analysis can be conducted to identify the best parameters for implementation. Impactful parameters include quarantine duration, additional healthcare capacity, and decisions on the quantity and characteristics of low-risk citizens, among other specifics that need to be defined when implementing a policy. By understanding the dynamics of the system, it becomes possible to fine-tune the solution through the parameters, without being too dependent on these values for impact.

Conclusions {#Sec5}
===========

The COVID-19 outbreak has proven to be a complex problem with effects rooted in public health and economics among some. It is crucial that deeper analysis and assessment frameworks are developed to support decision-making for risk management strategies and transmission control interventions that account for the interactions between participating sectors. Based on initial modeling, the most effective strategies focus on avoiding exposure to the virus from happening in the first place; focusing on increasing healthcare capacities only delays the inevitable system collapse as its effectiveness assumes people getting infected first. System dynamics may also be utilized to gain better understanding of other aspects of the system, such as the management of healthcare operations in the face of an influenza pandemic. Furthermore, other modeling techniques, such as optimization modeling, may be employed for resource allocation, especially in the face of scarce essential commodities and medical supplies. It may also be used to select between feasible policy alternatives and to operationalize their implementation based on various, and even conflicting, stakeholder objectives.

The SD model has been implemented in the software Vensim. This programming language can be acquired from Ventana Systems, Inc. ([www.vensim.com](http://www.vensim.com)), while the model itself is available from the lead author upon request.
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